ABSTRACT Males of Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae), the lesser grain borer, produce the aggregation pheromones dominicalure-1 (DL-1) and dominicalure-2 (DL-2), which attract conspeciÞcs for mating and to food sources. Pheromone emissions by single males feeding on 10 different plant-based diets were analyzed in a laboratory study by gas chromatography to compare effects of different host plants on pheromone emission. Body size measurements also were made from individual male R. dominica feeding on a single host to investigate variation in pheromone output and to determine the relationship, if any, between body size and pheromone output in the species. Hosts on which larvae were reared did not affect pheromone output, but hosts on which adult males fed had signiÞcant effects. Mean total pheromones (DL-1ϩDL-2) released by male R. dominica conÞned on wheat seeds for 24 h was 1,060 ng at 20 d old. There was a signiÞcant reduction in mean total pheromones (DL-1ϩDL-2) output from 1,246 ng when males were fed on seeds, especially cereal grains, to 60 ng when fed on woody tissues such as elm twigs. In treatments in which pheromone release was low, beetles released similar amounts of DL-1 and DL-2, whereas when pheromone output was high they tended to produce more DL-1 than DL-2. Similarly, when a signiÞcant difference between quantities of DL-1 and DL-2 was observed, more DL-1 was emitted. There were no interactions between output of either of the two pheromones, DL-1 or DL-2, and adult food sources. Percentages of DL-1 in quantities of DL-1ϩDL-2 emitted ranged from 41 to 61% and averaged 51%. Percentages of DL-1 in DL-1ϩDL-2 released by males fed test foods were not signiÞcantly different from the control (wheat) in Ϸ78% of the cases; in cases for which a signiÞcant difference from the control was observed, the ratio of pheromones released shifted from a DL-1 skewed output to equivalent amounts of the two pheromones. Regression analyses indicated no signiÞcant relationship between either total body length, pronotal width, or fresh body weight, and of pheromone measurements: quantity of DL-1 or DL-2 individually, total quantity of DL-1 and DL-2, or the percentage of DL-1 in the pheromone blends.
The male-produced aggregation pheromones of the lesser grain borer, Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae), consist of two unsaturated esters (S)-(ϩ)-1-methylbutyl (E)-2-methyl-2-pentenoate, designated dominicalure-1 or DL-1, and (S)-(ϩ)-1-methylbutyl (E)-2,4-dimethyl-2-pentenoate, designated dominicalure-2 or DL-2 (Williams et al. 1981) . The pheromones are only released by R. dominica during feeding, and volatile emissions from other insect or plant species is not known to contain DL-1 or DL-2. Both sexes are attracted to a synthetic blend of DL-1 and DL-2 in Þeld and laboratory environments. Despite extensive efforts to understand the chemical ecology of R. dominica, recent reviews of literature (Bashir 2000 , Edde 2005 ) indicated that much remains to be known about the biology and dynamics of R. dominica pheromone production. Because pheromones play a crucial role in mediating host location and aggregation by R. dominica in grain storage, a better understanding of the factors affecting pheromone biology of R. dominica may aid in elucidating the intricacies of the infestation process. This understanding can then augment research on development of novel management tactics for the pest. Barrer (1983) reported that migrant R. dominica were attracted to volatiles emitted from stored wheat, but it was not clear whether the grain bulk used in the study was completely free from previous or ongoing infestation by R. dominica, so the possibility that the grain was contaminated with pheromones could not be excluded. Recent studies by showed that R. dominica adults orient to odors from potential host plants at very close range in the laboratory, but Þeld experiments failed to demonstrate primary attraction, i.e., attraction to host odors at a distance in the absence of aggregation pheromones (e.g., Byers 1995) . The alternative to primary or secondary (pheromone-mediated) attraction in the Þeld would be location of host materials by chance, which has been suggested for the related Prostephanus truncatus (Horn) (Birkinshaw 1998) and in several bark beetle species (Byers 1995, Pureswaran and Borden, 2005) . Dispersing R. dominica, such as Þrst-arriving or "pioneer" beetles, would therefore initially locate hosts at random and then maximize their reproductive Þtness if they produce amounts of aggregation pheromones that attract females. However, studies have shown that pheromone output in many insect species may not always be uniform among individuals in absolute quantities and/or in the ratio of pheromone emitted (Schlyter and Birgersson 1989) . Factors that may affect pheromone output in insects include genetics, behavioral plasticity (e.g., reducing pheromone output in the presence of other signalers), diurnal rhythms, body weight, size, age, and host plant quality (Birgersson 1989; Schlyter and Birgersson 1989; Bashir et al. 2003a,b) . Of these factors, insect body weight and body size may be affected by host plant quality and could have signiÞcant inßuence on life history parameters such as fecundity, success of brood produced, adult mortality, mate recruitment, and overwintering success.
Very little is known about how host suitability affects pheromone dynamics in R. dominica, but adult feeding seems to be important. Mayhew (1994) found that male R. dominica placed on wheat, Triticum aestivum L. (Gramineae), released pheromones while feeding, stopped release of pheromones after food was removed, and then resumed pheromone release when food was restored. A recent report (Bashir et al. 2003b) found that pheromone release rates in R. dominica were lowered when male signalers were moved from maize, Zea mays L. (Gramineae), grains to peanut, Arachis hypogea L. (Leguminosae), seeds, but release rates were restored when the move was reversed. Bashir et al. (2003b) also reported that the ratio of DL-1 to DL-2 was affected by differences in host species. However, their study involved only two plant species, maize and peanuts. R. dominica is highly polyphagous, and it has been recorded breeding on diverse postharvest crops such as legumes, tubers, bulbs, cereals, and packaging material made from wood, and on several forest tree seeds (Potter 1935 , Wright et al. 1990 ). Thus, it is necessary to broaden research on pheromone production to several plant species, including agricultural and wild hosts. Such studies may facilitate understanding of the nutritional ecology of the species and may aid in identiÞcation of useful physical and chemical cues of plants that can be manipulated to interfere with attractive signals in R. dominica.
Body size is known to inßuence reproductive success in several species of insects (Thornhill and Alcock 1983) , and more speciÞcally, it can affect pheromone output Borden 2003, Byers 2005) . For example, Byers (2005) observed that quantities of the alarm pheromone (E)-␤-farnesene emitted by Aphis gossypii Glover (Homoptera: Aphidae) feeding on Gossypium hirsutum L. (Malvaceae) increased in relation to increasing body weight, and variation in individual weights explained Ϸ82% of the variation in alarm pheromone. Pureswaran and Borden (2003) showed that body size positively correlates with production of antiaggregation pheromones in male Dendroctonus ponderosae (Coleoptera: Scolytidae) paired with females, but not with the attractive aggregation pheromone produced by females. There is a dearth of information on the effect of body size on reproductive success, particularly on pheromone emission, in R. dominica. Bashir et al. (2003a) observed that body weight and boring rate positively correlate with pheromone output rate in R. dominica, although body weight and boring rate were themselves correlated. It is, therefore, difÞcult to delineate whether the increased output rate of pheromone observed by those researchers was due to body weight or boring rate or to an interaction between both variables. In the closely related bostrichid, Prostephanus truncatus (Horn), Birkinshaw (1998) found no correlation between male body weight and the attractiveness of the pheromone signals released.
The Þrst objective of this study was to investigate pheromone release by male R. dominica fed on different food sources both as adults and as larvae. The second objective was to investigate the effect of beetle size, by using beetle weight, body length, and pronotal width as indices of body size, on pheromone output by males. By quantifying pheromone emission by individual beetles, we hope to investigate degrees of variation for the quantities of DL-1, DL-2, and both pheromones combined (DL-1ϩDL-2), and on ratio of DL-1 in the pheromone blend as affected by adult food source and beetle size.
Materials and Methods
Insect Culture. R. dominica used in the study were from a beetle colony started from Þeld-collected insects caught in pheromone-baited traps in 2003 near a grain storage facility in central Oklahoma. The insects were maintained on wheat at 29 Ð30ЊC and 65Ð 67% RH under a photoperiod of 12:12 (L:D) h for about a year before use in the study. Emerged adults were sexed by gently squeezing the abdominal region to extrude the genitalia, which was viewed under a dissecting microscope.
Pheromone Collection Method. R. dominica males were placed individually in a cylindrical glass aeration chamber measuring 2.75 by 7.5 cm that contained a food source and was clamped to a stand and oriented vertically. Chambers were composed of a male and female ground glass joints tapered distally at each end and connected to a glass tube of Ϸ65 mm in length and 6 mm in diameter. Top and bottom openings of the chamber were loosely packed with glass wool to prevent insect escape while allowing airßow. A vacuum pump was used to draw air through 30 ml of water held in a 50-ml side-arm Erlenmeyer ßask, and the humidiÞed air was drawn through charcoal and Super-Q adsorbent (350 mg, 60 Ð100 mesh) (Alltech Associates, DeerÞeld, IL) preÞlters into the aeration arena. Volatiles were collected downwind over a 24-h period on a glass column (6-mm internal diameter, 106 mm length) packed with 300 mg of Super-Q at an air ßow rate of 300 ml/min. Collected volatiles were eluted from columns with 2 ml of hexane (HPLC grade, Fisher ScientiÞc, Pittsburgh, PA). Immediately after elution, 425 ng of N-tetradecane (chemical purity 99.5%) was added as an internal standard and the extract was stored at Ϫ20ЊC until analyzed. Aerations were conducted in a room maintained at 29 Ð30ЊC and 65Ð 67% RH under a photoperiod of 12:12 (L:D) h. Twenty aeration devices were available for simultaneous use.
Chemical Analyses. Samples were concentrated to 50 l under a gentle stream of pure N 2 at room temperature before analysis; 1.5 l of the concentrated sample was analyzed by gas chromatography (Shimadzu GC-17A Ver.3, Shimadzu Corporation, Kyoto, Japan) by using a 30-m by 0.25-mm DB-XLB fused silica capillary column (J&W ScientiÞc, Folsom, CA), with helium carrier gas at a ßow rate of 1.1 ml/min and ßame ionization detector. Splitless injection was made with the septum purge off but then opened at 30 s. The temperature program of the gas chromatography (GC) column started at 75ЊC for 20 s and then increased to 120ЊC at 10ЊC per minute, and held for 2 min, then increased to 160ЊC at 5ЊC per minute, was held for 2 min, and Þnally increased to 290ЊC at 15ЊC, and held for 4 min. The injector temperature was 230ЊC and the detector 300ЊC. Data were processed with a Shimadzu CR 501 integrator (Shimadzu Corporation). The amounts of DL-1 and DL-2 emitted by R. dominica were calculated by comparing the peak areas with those of the internal standard representing 425 ng in the initial solution. Peak identities by retention times of DL-1 and DL-2 in samples were conÞrmed periodically by gas chromatography-mass spectrometry and GC-ßame inonization detector, respectively, with reference to authentic standards.
Experiment 1: Effect of Larval Food Source on Adult Pheromone Output. Pheromone output by male beetles reared for two generations on seeds of wheat, maize, or post oak (acorns), Quercus stellata Wangenh (Fagaceae), was measured, when the insects were fed on either their rearing host or on food sources different from which they were reared. Due to the limited number of insects emerging on acorn, three possible rearing hostÐfeeding combinations (wheatÐacorn, maizeÐacorn, and acornÐmaize) could not be tested. The second generation insects were allowed to continue feeding on their host medium after emergence until used in the experiment. Beetles used for pheromone collection were 5Ð 6 d old. The insects were conditioned by starving them for a 24-h period to stabilize their feeding status, after which the insects were transferred to the "new" food source for pheromone collection. Pheromones were collected continuously for a 24-h period and simultaneously from 15 individual beetles per treatment. There were 15 observations per treatment. The results were expressed in term of the mean quantities of DL-1, mean quantities of DL-2, and the mean percentage of DL-1 in total pheromone (DL-1ϩDL-2) released per beetle per 24 h.
Data on quantities of pheromones released among the six different hostÐfeeding combinations (maizeÐ wheat, maizeÐmaize, wheatÐwheat, wheatÐmaize, acornÐwheat, and acornÐacorn) were analyzed as a two-factor experiment by using the PROC MIXED feature of SAS (SAS Institute 2001). The main factors were adult diet and pheromones. The quantities of DL-1 and DL-2 released by R. dominica within the different hostÐfeeding combinations were analyzed using paired t-tests (SAS Institute 2001). Paired comparisons of pheromone output among diet treatments were conducted using the TukeyÐKramer method (SAS Institute 2001). The comparison of the means of the percentage of DL-1 in total quantity of pheromones (DL-1ϩDL-2) released was carried out using the DunnettÕs test (SAS Institute 2001) by comparing mean percentage of DL-1 released in the control treatment (where rearing [larval] and feeding [adult] diet are the same) to those in the experimental treatment (where larval and adult diets differ). Percentage data were subjected to the angular transformation before data analysis to satisfy the assumptions of normality and homogeneity of variance (Zar 1999) . All statistical differences were considered signiÞcantly different at the P Ͻ 0.05 level. Based on the outcome of experiment 1, wheat was used as the rearing media for all insects used in subsequent experiments.
Experiment 2. Pheromone Output by Adult R. dominica on Different Plant Tissues. Tissues of seven plant species were used in this study: wheat seeds; peanut seeds; cowpea, Vigna unguiculata L. Walp. (Leguminosae), seeds; potato, Solanum tuberosum L. (Solanaceae), tubers; and 1Ð2-yr-old terminal branch sections of post oak; eastern red cedar, Juniperus virginiana (Cupressaceae); and slippery elm, Ulmus rubra Muhl. (Ulmaceae). In addition, tissues from lateral roots, Ϸ30 cm from the tip, of post oak and acorns (matured seeds) were used, yielding nine different plant treatments. Many of the plant species or plant parts used in this study have been suggested as possible hosts for R. dominica (Potter 1935 , Wright et al. 1990 ). Wheat seeds were obtained from freshly harvested hard red winter wheat grown at a local farm near Stillwater, OK. Shelled peanut and cowpea seeds and potato tubers were obtained from a local grocery retailer. Acorns, cedar, oak, and elm twigs were harvested from live trees at a local Þeld site (36Њ 03Ј N; 097Њ 10Ј W), which is a naturally self-regenerating forest.
Uniform pellets of ground host plant materials were fabricated for this experiment. To obtain dried tissues of acorn and potato, the plant materials were cut into cubes (Ϸ7 mm 3 ), spread thinly on a tray and dried outdoors under natural sunlight. Similarly, twigs from cedar, elm, and oak were cut into pieces (Ϸ1 cm in length), and sun-dried. To ensure that the plant materials used as food sources were of similar particle size and density, the plant materials were pulverized using a mechanical grinder and sifted using a # 21 sieve (Seedburo Equipment Co., Chicago, IL.). Pulverized materials were made into pellets containing a mixture of plant material, agar, and cellulose in the ratio 4:2:1 by weight. Pellets were prepared by dissolving agar in hot water and then thoroughly mixing with cellulose and the plant material being tested. Approximately 50 ml of water was used for preparing the mixtures. Nonplant pellets were comprised of agar and cellulose in the ratio 5:2. Pellet mixtures were Þrmly pressed and extruded through holes (1.5-cm inner diameter and 0.5-cm depth) drilled in a polyvinyl chloride sheet. Pellets were spread thinly in a tray on a laboratory bench to air dry. Wheat pellets were considered as control treatment because beetles used in the study were reared on wheat. Moisture content of the pellets was equilibrated to Ϸ15.3% by placing them in humidifying chambers containing a saturated sodium chloride solution at 65Ð70% RH for 6 d before start of the experiment. The weight of the experimental pellets ranged between 0.10 and 0.15 g, with a mean of 0.13 g. The effect of plant diet on pheromone output by R. dominica was assessed by introducing one male beetle on two pellets of each food treatment in an aeration chamber. Beetles used to generate pheromones were 5Ð 6 d old. The beetles were starved for 24 h before use in the experiment. Pheromone samples were collected continuously for 24 h from each of 10 starved beetles (replicates) per treatment. The results were expressed in term of the mean quantities of DL-1, quantities of DL-2, and the percentage of DL-1 in total pheromone quantity (DL-1ϩDL-2) released per beetle per 24 h.
Data on quantities of pheromones released by R. dominica among plant diets were analyzed as a twofactor experiment using PROC MIXED in which the main factors were plant diet and pheromones (DL-1 and DL-2). The difference between quantities of DL-1 and DL-2 released by the beetles within the test plant diets were compared using the paired t-test. Paired comparisons of pheromone output among diet were conducted using the TukeyÐKramer method. DunnettÕs test was used to compare the means of percentage of DL-1 in DL-1ϩDL-2 released by R. dominica fed on the test plant diets. The means were compared only to those of the control (wheat pellets) and not among the respective plant diets. All statistical differences were considered signiÞcant at the P Ͻ 0.05 level. CoefÞcient of variation (Zar 1999 ) was used to determine individual variation for pheromones quantities emitted by the beetles.
Experiment 3. Pheromone Output in Relation to Beetle Size. Beetle body length, width of pronotum, and fresh body weight, were used as indices of beetle size. Body length was measured from the anterior margin of the pronotum to the posterior margin of the elytra to the nearest 0.01 mm, by using a dissecting microscope Þtted with an ocular micrometer. Pronotal width was measured from lateral right to lateral left margins of the middle of pronotum. A recent study (P.A.E. and T.W.P., in press) conducted on longevity of starved R. dominica, under similar temperature and humidity regimes as in experiment 1, indicated that male R. dominica can survive for 11 d without food and water. Mean survival time was 5.7 d. Therefore, beetles used in this experiment were starved for 6 d to stabilize beetle body weight and feeding status. Starvation treatment was accomplished by placing the insects individually in glass vials without food or water for 6 d. Filter paper was placed in the vials to facilitate beetles movement. The vials were covered with perforated plastic lids to allow ventilation. Vials containing starved insects were arranged randomly in a growth chamber maintained at the same temperature, humidity, and light cycle in which the insects were reared before use in the experiment. Fresh body weight of the insects before and at the end of the 6-d starvation period was determined to the nearest 0.001 mg, using a Sartorius electronic microbalance type M3P (Satorius Instruments, McGaw Park, IL). Starved beetles were transferred individually to pheromone collection chambers containing 1 g of crushed wheat kernels. Pheromone samples were collected continuously for 24 h for each of six consecutive days from each of the starved 30 beetles. Unstarved males were used as controls to determine effects of starvation on pheromone dynamics in R. dominica. The relationship between pheromone output and beetle size was assessed using pheromone collection made on day 7 because quantities of pheromone produced stabilized, and they were similar in quantities to those produced by unstarved beetles on day 5 of the pheromone collection period. The fresh body weights of the insects at the end of pheromone collection exercise (day 6) were determined. The age of beetles used for pheromone collection was 19 Ð20 d old. Details on beetle longevity and effect of starvation on pheromone output in R. dominica is given in P.A.E. and T.W.P. (in press).
Linear regression analysis (PROC REG) (SAS Institute 2001) was performed on scatter plots of beetle weight, body length, and pronotum width to determine relationship between beetle size and pheromone production. All statistical differences were considered signiÞcant at the P Ͻ 0.05 level. CoefÞcient of variation was used to determine individual variation for pheromones quantities emitted by the beetles, and as a measure of variation in weight loss among starved beetles.
Results

Effect of Larval Food Source on Adult Pheromone
Output. A two-factor analysis of variance (ANOVA) indicated no interaction between pheromone type (DL-1 or DL-2) and plant diet (F ϭ 0.51; df ϭ 5, 148; P ϭ 0.77), but the main effect of plant diet (F ϭ 3.96; df ϭ 5, 148; P Ͻ 0.01) was signiÞcant, indicating that total pheromone output (DL-1ϩDL-2) was affected by diet treatment. Pairwise comparisons of pheromone output among diet treatments indicated that adults of maize-and wheat-reared larvae produced equivalent quantities of a given pheromone (DL-1 or DL-2; TukeyÐKramer tests; Table 1 ). Larvae reared on the acorn host, however, produced signiÞcantly lower quantities of DL-1 and DL-2 than did maize-or wheatreared larvae, but only if adults of acorn-reared larvae were fed on acorn. Pheromone output by acornreared larvae fed on wheat as adults did not differ from that of wheat-or maize-reared larvae (Table 1) . This indicates that adult diets, not larval diet, were responsible for the signiÞcant plant diet effect. There was also a signiÞcant main effect of pheromone type, with mean output of DL-1 being signiÞcantly higher than that of DL-2 (F ϭ 30.13; df ϭ 1, 148; P Ͻ 0.001; Table  1 ). Within diet treatment, output of DL-1 was greater than that of DL-2, although output was statistically different in only three treatments (paired t-tests, P Ͻ 0.05; Table 1 ). Dunnett analysis found no signiÞcant difference between the experimental treatment maizeÐwheat and the control maizeÐmaize (F ϭ 0.36; df ϭ 1, 28; P ϭ 0.55), between wheatÐmaize and wheatÐwheat (F ϭ 2.54; df ϭ 1, 28; P ϭ 0.12), and similarly between acornÐwheat and acornÐacorn (F ϭ 0.02; df ϭ 1, 18; P ϭ 0.89) in the percentages of DL-1 in DL-1ϩDL-2 released.
Pheromone Output by R. dominica on Different Plant Diets. A two-way ANOVA found a marginally signiÞcant interaction between pheromone type and plant diet (F ϭ 1.88; df ϭ 9, 180; P ϭ 0.06) but a highly signiÞcantly effect of plant diet on pheromone output (F ϭ 67.94; df ϭ 9, 180; P Ͻ 0.001). Beetles fed on wheat pellets released the highest amount (1,246.3 ng) of DL-1ϩDL-2, and quantities of each pheromone were signiÞcantly greater than those released by males that fed on other diets (TukeyÐKramer comparisons; Table 2 ). Cowpea and acorn were next in rank for both pheromones. The lowest output of DL-1ϩDL-2 (59.96 ng) was observed in males on elm pellets and was similar to that for beetles feeding on agar pellets, and pellets made from twig or root of oak, cedar twig, potato tubers and peanut (Table 2) . Beetles produced a signiÞcantly greater quantity of DL-1 than DL-2 (F ϭ 6.51; df ϭ 1, 180; P ϭ 0.01). Within diet treatment, beetles feeding on wheat or acorn emitted signiÞ-cantly greater amount of DL-1 than DL-2, but no differences in output between the pheromones were recorded for beetles in other treatments (paired ttests; Table 2 ). With the exception of cedar and oak twig, the percentages of DL-1 in DL-1ϩDL-2 released did not differ signiÞcantly different from that of the wheat control (DunnettÕs test; Table 2 ). Relative variation in the amount of DL-1, DL-2, and DL-1ϩDL-2 emitted by males was 31.3, 24.3, and 26%, respectively. However, the amount of variation in the percentage of DL-1 in total pheromones (DL-1ϩDL-2) emitted, was smaller (Ϸ10%) ( Table 3) .
Pheromone Output in Relation to Beetle Size. Body length and pronotal width ranged between 2.35Ð2.79 and 0.73Ð 0.88 mm, respectively. Mean body length and pronotal width was 2.59 and 0.84 mm, respectively. Fresh body weight ranged from 0.99 to 1.38 mg. Mean * SigniÞcant difference between DL-1 and DL-2 within rearing/ feeding host (paired t-tests; P Ͻ 0.05). All larvae were reared on a wheat seed diet. Newly eclosed adults were starved for 24 h and then transferred to a different plant diet treatment in a headspace collection chamber. Headspace volatiles from feeding adults were collected over 24 h.
a Means within the same column with the same letter are not signiÞcantly different (P Ͻ 0.05), as determined by TukeyÐKramer test.
b Acorn, oak seed. * SigniÞcant difference between DL-1 and DL-2 within diet treatment (paired t-tests; P Ͻ 0.05).
SigniÞcant difference (P Ͻ 0.05) from wheat (control diet), as determined by the DunnettÕs test. Table 3 . Minimum, maximum, mean quantities, and coefficient of variation of DL-1 and DL-2 and total quantity (mean ؎ SE, each mean based on n ‫؍‬ 30 replications) of DL-1؉DL-2 emitted by male R. dominica reared on wheat throughout development Individuals were starved for 24 h before use and then transferred to a wheat diet in a headspace collection chamber, from which headspace volatiles were collected over 24 h. fresh body weight was 1.20 mg. Results of the analysis of coefÞcient of variation (CV) showed that the relative variation among beetle fresh body weight, body length and pronotum width was 8.2, 3.7, and 5.2%, respectively. Regression analyses (Table 4 ) indicated no signiÞcant relationship between body length, pronotum width and weight and any pheromone characteristics: quantity of DL-1, Dl-2, total quantity (DL-1ϩDL-2), and the percentage of DL-1 in the pheromone blend.
Discussion
Our results on effects of plant diets and beetle size on pheromone signaling in R. dominica indicate the following. 1) Hosts on which larvae were reared did not affect pheromone output, but hosts on which adult males fed had signiÞcant effects. 2) In treatments in which pheromone release was low (e.g., potato, oak root, oak twig, elm, and agar), beetles released similar amount of DL-1 and DL-2, whereas when pheromone output was high they tended to produce more DL-1 than DL-2. Similarly, when a signiÞcant difference between quantities of DL-1 and DL-2 was observed, more DL-1 was emitted. 3) Percentages of DL-1 in the total DL-1ϩDL-2 released were not signiÞcantly different from the control in Ϸ78% of the tested food sources, and when a signiÞcant difference from the control was detected, the ratios shifted from a DL-1 skewed output to equivalent amount of the two pheromones. 4) Pheromone production in R. dominica may not be affected by beetle size.
Food type on which larvae were reared on has little effect on pheromone released by adult males and demonstrated that male R. dominica feeding on seeds, especially cereal grains, generated higher total pheromone quantities (DL-1ϩDL-2) than those fed on woody tissues or noncereal hosts. Although we did not attempt to characterize the biochemical properties of the different plant species used as food sources we suspect that differences in nutritional quality or quantity among plant species might largely be responsible for the observed variations in pheromone output by male R. dominica. Plant seeds are high in readily digestible sugars, amino acids, and phospholipids and low in Þber compared with the high levels of poorly digestible compounds such as cellulose, lignin, and tannins inherent in woody tissues (van Etten et al. 1967 ). In addition, many plant seeds are rich in nonnutritive constituents such as glycosides, alkaloids, and terpenoids, many of which may serve as phagostimulants for phytophagous insects (Bernays and Chapman 1994) . R. dominica males fed on pellets made from seeds had higher feeding/boring rates as indicated by quantities of frass produced, compared with those from woody tissues (data not shown). Presumably, males feeding on pellets made from seeds might have had better access to nutrients needed to initiate and/or sustain pheromone production, and consequently released larger amounts of pheromone than those feeding on woody tissues.
In a recent study, found that traps baited with live male R. dominica feeding on wheat were highly attractive to dispersing conspecifics; moderately attractive when feeding on acorn, potato, and cowpea; and had low but biologically significant attraction when feeding on peanut. Interestingly, that ranking parallels observations on reproductive success of the insect on these plant species and pheromone release reported in the current study. The authors suggested that males feeding on wheat most likely released higher quantities of pheromones (DL-1ϩDL-2) relative to beetles feeding on less suitable plant species in their Þeld experiments and that suggestion is conÞrmed directly by results in the current study. For example, there was a signiÞcant reduction in mean total pheromone (DL-1ϩDL-2) released from 1246 ng when males were fed on wheat to Ϸ60 ng when fed on elm twigs. In addition, we observed that the percentage of DL-1 in DL-1ϩDL-2 released by R. dominica was not signiÞcantly different from the control in Ϸ78% of the tested food sources; where a signiÞcant difference from the control was detected, the ratios shifted from a DL-1 skewed output to equivalent amount of the two pheromones. Collectively, the observations by and results from the current study ( Table 2 ) further indicate that the total quantities of pheromone (DL-1ϩDL-2) released, rather than modiÞcations of ratios in pheromone blend, as suggested by Bashir (2000) and Bashir et al. (2003b) , may be the key aspect of pheromonal signals determining the success of aggregation behavior in R. dominica. Therefore, one way to analyze and understand the inßuence of host quality on pheromone signaling in R. dominica, and consequently its ability to aggregate conspeciÞcs, may be to measure absolute quantities of total pheromone signals (DL-1ϩDL-2) released by the insect. This suggestion is supported by the fact that we did not observe any interactions between either of the pheromones (DL-1 or DL-2) and plant species in this study. In addition, previous trapping studies using synthetic lures impregnated with DL-1 or DL-2 separately or their mixture found that individual pheromones or the mixture were equally attractive to both sexes, but Individuals were starved for 6 d and then transferred to a wheat diet in a headspace collection chamber and allowed to feed for 5 d. Headspace volatiles from feeding adults were collected over 24 h on day 6. Each mean is based on n ϭ 30 replications.
attractiveness increased with dosage (Cogburn et al. 1984; P.A.E., unpublished data) . It has been shown (Roelofs 1978 , Byers 1995 that at natural release rates, an increase in the output rate of a pheromones increases the attraction distance and/or temporal pattern of odor exposure of pheromones, thus increasing the chances of responders locating the signaler. The similar behavioral activity of DL-1 and DL-2 separately, and their additive, rather than synergistic, combined effect suggest that these pheromones are behaviorally redundant (McBrien et al. 2002) , and that the blend is not required for species recognition, as is the case with some moth species (Linn et al. 1986 ). The behavioral response of R. dominica to DL-1 and DL-2 is different from that of P. truncatus, which also has a two component blend, 1-methylethyl-(E)-2-methyl-2-heptenoate (T-1) and 1-methylethyl (E,E)-2,4-dimethyl-2,4-heptadienoate (T-2) (Hodges 2002) . In P. truncatus, each of the components plays a distinct role in attracting conspeciÞcs. T-2 is the quantitatively minor component of the blend, but it is the more powerful attractant (Hodges 2002) . The more abundant but less attractive T-1 is purported to be important in enabling continued response by conspeciÞcs to T-2 when concentration of this component is high (Hodges 2002) .
The total quantity of pheromones (DL-1ϩDL-2) released by male R. dominica conÞned on wheat for 24 h was 1,060 ng by 20-d-old male. This was slightly lower than the 1,300 ng mean daily production of DL-1 ϩDL-2 reported by Mayhew (1994) for one male R. dominica conÞned on wheat after 12 d of feeding. However, our results and that by Mayhew (1994) were much lower than mean daily release of 2,300 ng by maize-fed lesser grain borer (Bashir et al. 2003a ). The quantity of pheromone released by male R. dominica fed on wheat or maize was similar in our study; thus, differences of food types could not have accounted for the higher pheromone output reported by Bashir et al. (2003a) . Bashir et al. (2003a) suggested that differences in the strain of insects used may be responsible for the variation in the pheromone output.
Beetles fed on wheat as both larvae and adults varied in the absolute amount (DL-1ϩDL-2), and in the ratio of DL-1 and DL-2 emitted (Table 3 ). The amount of variation observed for absolute quantity of DL-1 (31.3%) and DL-2 (24.3%) was greater than the proportion of DL-1 (9.99%) in total pheromones (DL-1ϩDL-2). Individual variation in pheromone output has previously been reported for sex pheromones of Lepidoptera (Schlyter and Birgersson 1989) , and for aggregation pheromones of several bark beetles Birgersson 1989, Pureswaran and Borden, 2003) , and the bostrichid P. truncatus (Hodges et al. 2002) .
Results from this study indicate that pheromone output by R. dominica is not affected by beetle size. Body size varied only slightly in R. Dominica, and this was not correlated with observed individual variation in pheromone output. It must be assumed that other intrinsic (genetic) or external (environmental) factors are involved in variation in pheromone output among individuals. The lack of correlation between body size and pheromone output in R. dominica reported in this study parallels Þndings in other wood boring beetles. For example, Birgersson et al. (1988) found no correlation between body size and output of cis-verbenol, one of the aggregation pheromones of Ips typographus L. (Coleoptera: Scolytidae). Despite a correlation with anti-aggregation pheromones, Pureswaran and Borden (2003) observed a lack of correlation between body size and output of attractive aggregation pheromones in either sex of Dendroctonus ponderosae Hopkins (Coleoptera: Scolytidae) emerging from naturally attacked host. Similarly, Birkinshaw (1998) did not observe any relationship between the weight of males and the attractiveness of the pheromone signals released by P. truncatus. Variation among male R. dominica in pheromone emission may have signiÞcant evolutionary consequences, because it is the males that locate hosts and then signal the Þnding to conspeciÞcs with their pheromones. Thus, males that are highly attractive may easily be located by females, and therefore, have higher mating success than males that are moderately attractive.
The data presented here demonstrated that R. dominica is able to produce pheromones on noncereal crops such as cowpeas and dried potato tubers, and on nonagricultural hosts such as acorns. However, if males were to make choice, the males choosing wheat would be more attractive than those choosing oak because of the different amount of pheromone released by males feeding on the two food sources. Previous observations (Wright et al. 1990, Edde and have indicated the ability of R. dominica to reproduce on some of the noncereal and wild hosts investigated in the current study. These results indicate that noncereal and/or nonagricultural habitats could supply alternative hosts for the pest in the absence of preferred hosts like wheat and maize. Use of nonagricultural hosts may point to the types of host material used by R. dominica before adaptations to breeding in stored grain, and could exemplify alternative hosts currently used by beetles when not infesting agricultural products.
